Abstract: Sports-related concussion is an injury that continues to receive attention from both the popular media and sports medicine community. The many different symptom presentations and cognitive decrements that follow concussions, have made this injury difficult to detect and manage. Furthermore, concussed athletes should not always be entrusted to appropriately self-report their concussion symptoms; therefore the burden falls on the clinician and coach. Recent management recommendations call for using a multi-faceted approach to managing concussion, which consists of neurocognitive testing before (ie, baseline/preseason) and after injury. In addition age, sex, and previous history of concussion have been found to influence the risk and recovery from this injury. Keywords: cognitive function, neurocognitive testing, concussion
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performance following a concussion. Neurocognitive testing batteries have also allowed researchers and sports medicine professionals to identify factors that influence cognitive outcomes. This review will provide an overview of the definition and pathophysiological basis of concussion, along with the empirically supported cognitive effects associated with this injury. In addition factors that have been found to influence the cognitive recovery from concussion will also be discussed.
Defining a concussion
There is currently no consensus on the exact definition of concussion. Many definitions have faltered in accurately describing the wide spectrum of symptoms and cognitive deficits that occur following this injury. Nonetheless, there are two primary definitions commonly used in concussion research. The Quality Standards Subcommittee of the American Association of Neurology (AAN), defines a concussion as, "an altered mental state that may or may not include loss of consciousness (LOC)". 5 This multi-disciplinary group agreed that the most prominent symptoms of concussions are amnesia and confusion, rather than LOC which does not accompany concussion as frequently as once thought. 5 A second definition of concussion currently used today, was proposed by the Concussion in Sport (CIS) group. 6 The CIS definition states that a concussion is a "complex pathophysiological process affecting the brain, induced by traumatic biomechanical forces". 6 Supplementing this definition are five common features of concussion that incorporate clinical, pathological, and biomechanical constructs to further define and describe this injury. These defining features include: "1) concussion can be caused by direct impacts to the head, face, neck, or elsewhere on the body, with an 'impulsive' force transmitted toward the head; 2) concussion typically results in the rapid onset of short-lived impairment of neurological function that resolves spontaneously; 3) concussion may result in neuropathological changes, but the acute clinical symptoms largely reflect a functional disturbance rather than structural injury; 4) concussion results in a graded set of clinical syndromes that may or may not involve LOC; and 5) concussion is typically associated with grossly normal structural neuroimaging ". 6 The variable nature of the signs and symptoms of concussion are presented differently in every concussed athlete, which has made defining this injury a very difficult task. The AAN and CIS definitions broadly account for the many different presentations of concussions, and provide a conservative approach to detecting concussion in sport. Moreover, these definitions help sports medicine professionals diagnose this injury which is a first step in managing concussion.
Neurocognitive testing
In recent years, computerized neurocognitive testing has played an increasing and important role in the evaluation and management of sports-related concussion. The CIS Group has endorsed neurocognitive testing as the "cornerstone" of concussion management. CIS believe these test batteries provide accurate reaction time, randomization of test trials, and automation of data collection and analysis. 6 Given the large number of athletes that participate in collegiate and high school athletic programs, the use of computer-based neurocognitive test batteries are beneficial where paper-and-pencil tests have been deemed too timeconsuming and expensive. Computerized neurocognitive test batteries may be best suited to identify neurocognitive impairments, track progress towards recovery, and assist in return-to-play decisions. This applies especially when post-concussive symptoms include a delayed onset of response time and increased decisionmaking time. 7 Recent trends reflect not only the inclusion of baseline assessments in concussion management and assessment programs, but also utility of computerized assessment batteries. 8 Baseline testing also has athletes serve as their own controls, which minimizes any confounding factors such as age, 9 sex, 10 learning disability, 11 education level, and/or hyperactivity disorders.
Neurocognitive function and sports-related concussion
The neurocognitive domains most susceptible to the acute effects of concussion, include attention and concentration, cognitive processing speed/efficiency, learning and memory, working memory, executive function and verbal fluency. 12 The majority of research conducted on collegiate athletes suggests that cognitive impairments resolve within the first seven days of incurring a concussion. 11, [13] [14] [15] [16] [17] In a hallmark study, Barth et al 18 conducted the first major study using preseason baseline neurocognitive measures on 2350 collegiate athletes from 
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10 NCAA Division 1A football programs. All athletes who incurred a concussion during the season were reassessed on a paper and pencil neurocognitive test battery at 1, 5, and 10 days post-injury. Concussed athletes returned to baseline cognitive function within 5 days after injury. Similarly, McCrea et al 13 examined concussed collegiate football players using a penciland-paper neurocognitive test battery. Concussed football players' cognitive function returned to baseline by 5 to 7 days post-injury. However, more than 10% of players were still exhibiting cognitive dysfunctions 7 days post-injury.
The general finding of McCrea et al 13 provides an approximation for the recovery of cognitive function 5 to 7 days after concussion. However, the 10% of their sample still presenting with cognitive decrements at 7 days postconcussion, should not go unnoticed, as this brings about an important clinical point. The most recent position statements on sports-related concussion, call for a multifaceted and multi-disciplinary approach to managing this injury. 12 Moreover, the symptomology of concussion has been found to be specific to each injured athlete and they should be treated and managed individually. This is rooted in the recent recommendations to discontinue the use of traditional concussion grading scales.
Cumulative effects of concussion
There seems to be a general consensus that a history of concussion has been found to influence the risk for subsequent concussive injury. 19, 20 Previous research has indicated that an athlete who incurs a concussion, is at a 3 to 6 times greater risk for sustaining a second concussion. 11, [20] [21] [22] Zemper 20 examined a sample of high school and collegiate football players during a two-year period. Players with a history of concussion were 5.8 times more likely to sustain a concussion than those without such a history. A similar study by Guskiewicz and colleagues, 19 found collegiate athletes with a history of 3 or more concussions had a higher risk (3.4 times) of sustaining a subsequent concussion than those with two (2.8 times) or one (1.5 times) previous concussions. Collins et al 23 also found support for an increased risk associated with history of concussion. Here, concussed high school athletes with 3 or more previous concussions were found to have a 9 times greater chance of exhibiting 3 or 4 on-field concussion symptoms. Specifically, athletes with a history of multiple concussions were more likely to experience on-field LOC (6.7 times), confusion (4.1), and anterograde amnesia (3.8 times) with subsequent concussion, compared to athletes without a history of multiple concussions.
More recently, McCrea and colleagues, 24 examined the effects of a symptom-free waiting period with clinical outcomes (ie, neuropsychological testing) and risk of repeat concussion among high school and collegiate athletes. Results indicated that a symptom-free waiting period did not influence clinical outcomes or decrease the risk of repeat concussion. The researchers suggest that during the first 7 to 10 days following a concussion, athletes may be the most vulnerable to sustaining a second concussive injury.
Several researchers suggest a prior history of concussion is associated with a prolonged recovery following subsequent concussions. [25] [26] [27] Concussed high school athletes with a history of 3 or more concussions presented more symptoms and a significantly lower memory performance at 2 days post-injury, compared to concussed athletes without a history of concussion. 26 A recent study by Covassin and colleagues 27 found that collegiate athletes with a history of 2 or more concussions, took longer to recover than athletes with no prior history of concussion. Specifically, athletes with no prior history of concussion recovered on all ImPACT cognitive domains, 5 days post-concussion. However, athletes with a history of 2 or more concussions were still impaired on verbal memory and reaction time 5 days post-injury. Long-term neurocognitive impairments are rarely associated with a single concussion. However, research on the cumulative nature of concussion has been inconsistent in detecting any significant lingering cognitive effects after injury. Several researchers have suggested that the cumulative effects of multiple concussions can have long-term consequences. 11, [28] [29] [30] [31] In addition, subconcussive blows to the head (ie, repeated hits to the head) may also have long-term consequences. 30 The cumulative effects of repeated concussive and sub-concussive blows, have been studied in the sports of boxing, 30 ice hockey, 32 jockeys, 33 and soccer players. 34 The cumulative effects of multiple subconcussive blows to the head appear to be the primary cause of neurocognitive dysfunction in boxers. 30 Jordan and colleagues 30 examined the cognitive function in professional boxers by administering a battery of neurocognitive tests. These measured general intelligence, visual motor coordination, memory, language ability, construction skills, attention, and concentration and concept formation, cognitive stability and flexibility, and planning. Interestingly, boxers exhibited decreased performance on attention, concentration, memory, and visual motor coordination as sparring increased. Therefore, these authors concluded that repetitive subconcussive blows to the head may lead to cognitive deterioration of brain function.
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Researchers have suggested that there may be residual effects of concussion in collegiate athletes participating in soccer, lacrosse, ice hockey, and field hockey. 31 Killam and colleagues 31 administered the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), to investigate residual neurocognitive impairments of previously concussed collegiate athletes. Athletes were separated into three categories: recently concussed (ie, less than 2 years since last concussion), non-recently concussed (ie, more than 2 years since last concussion), or non-concussed. A fourth group consisted of a control group which was defined as non-concussed/non-athlete. Recently concussed athletes and non-concussed athletes demonstrated impairments in immediate and delayed memory when compared to non-concussed/non-athletes. Moreover, recently concussed athletes demonstrated impairments on immediate memory compared to non-recent concussed athletes. These results suggest that there may be a cumulative effect of concussion associated with immediate memory dysfunction in athletes.
Wall et al 33 examined cognitive performance following a three-month recovery time from concussion in jockeys with a previous history of multiple concussions. Jockeys with multiple concussions exhibited worse neurocognitive performance than jockeys with no history of concussion. In addition, younger jockeys with a history of concussion demonstrated lower neurocognitive performance compared to older jockeys with a history of concussion. This finding suggests that having a history of concussion may place an athlete at risk for long-term cognitive decrements, with younger athletes having a higher vulnerability than older athletes.
While some studies support the premise that multiple concussions lead to long-term cognitive decline, other studies have not found results that support this association. For example Macciocchi and colleagues, 35 found no cumulative effects for performance on Paced Auditory Serial Addition Task, Trail-Making Tests A and B and the Symbol Digit Test in collegiate football players who sustained 2 concussions greater than 2 weeks apart. In addition, research conducted on collegiate soccer players with a history of 2 or more concussions, found that they were no more likely to have impaired neurocognitive performance than those with no history of concussion. 36 This disparity in the literature has prompted researchers to question the sensitivity of the measures (ie, neurocognitive test batteries), used to evaluate any long-term subtle changes in cognitive function following multiple concussions. 37 However, Bruce and Echemendia 37 did not find any neurocognitive impairments in collegiate athletes who self-reported multiple concussions on either a traditional pencil and paper neuropsychological test or a computerized neurocognitive test. Furthermore, these two forms of neurocognitive assessment can measure vastly different neurocognitive constructs, such as free recall memory assessment versus forced-choice recognition memory paradigms used in computer forms of neurocognitive assessment. 38 Moreover, researchers have yet to discover a commonly injured area in the brain for all concussions. Therefore, multiple tests should be employed. As a result, the assessment and management of sport-related concussions should be a multifaceted approach that consists of a clinical examination, completion of a self-reported symptom checklist, postural assessment, and neurocognitive testing. Future research on this topic is clearly warranted.
Age differences in athletes
Studies have shown that concussed high school athletes demonstrate longer recovery times with respect to neurocognitive performance than concussed collegiate athletes. 9, 13, 25, 39, 40 Field and colleagues 9 carried out one of the first studies to compare high school concussed football and soccer athletes, to collegiate concussed football and soccer athletes. Collegiate concussed players demonstrated memory impairments up to 24 hours, while high school concussed athletes demonstrated memory impairments up to 7 days post-injury. Similarly Lovell et al 39 found that concussed high school athletes demonstrated memory verbal impairments 4 and 7 days post-injury when compared to matched controls. However, these initial studies did not track and test athletes past 7 days. Therefore, it is unclear how long high school concussed athletes demonstrate neurocognitive impairments.
More recent studies suggest high school athletes may take up to 14 days to recover from a concussion. McClincy et al 41 administered a baseline ImPACT test and follow-up tests to concussed athletes (mean age = 16.11 yrs ± 1.89) at 2, 7, and 14 days post-injury. Concussed athletes exhibited impairments on reaction time, verbal memory and visual memory 7 days post-injury. Concussed athletes continued to demonstrate impairments on verbal memory 14 days post-injury. These studies suggest that high school athletes demonstrate slower neurocognitive recovery after a sportsrelated concussion, compared to collegiate athletes.
There are several theories that have been proposed to account for these age-related differences in cognitive decrements following concussion. Specifically, decreased myelination, larger subarachnoid space in the cranium 
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(eg, allowing more room for brain movement), and thinner cranium bones, may predispose younger athletes to more adverse effects from concussion. [42] [43] [44] [45] In addition, the immature brain has also been shown to be up to 60 times more sensitive to glutamate-mediated N-methyl-D-aspartate (NMDA), a prevalent neurotransmitter released in the brain following concussion. 46, 47 It appears that age is a factor that needs to be considered when managing sports-related concussion, as younger athletes are more at risk for the severe consequences following a second concussion before the first one completely resolves.
Sex differences in athletes
While the majority of concussion research has been conducted on male athletes, one cannot ignore the fact that female sport participation has steadily increased over the past decade. Over 178,000 females are currently participating on NCAA teams 48 and approximately 3 million females playing organized high school sports. 49 Although severity of concussion has been reported to be higher among male athletes, 50 female athletes have been found to be at a greater inherent risk for concussions in basketball and soccer. 51 To date, the majority of literature on concussions and neurocognitive function has concentrated on football, men's ice hockey, boxing, and soccer players. Moreover, research indicates that male and female athletes' brain function varies. 52 Therefore, it is important to determine if sexes exhibit differences in cognitive function following concussion, potentially leading to different recovery patterns.
Very few researchers have examined sex differences and concussion outcomes. Broshek and colleagues 53 examined high school and collegiate athletes cognitive recovery following a sports-related concussion. Female athletes demonstrated slower simple and complex reaction times following a concussion compared to baseline scores and 1.7 times more impairments on these reaction time measures compared to male athletes. Similarly, Colvin et al 54 found female soccer players had slower reaction time scores compared to male soccer players. In another study by Covassin et al 55 concussed female collegiate athletes performed significantly worse than concussed male collegiate athletes on visual memory scores. These findings are among the first to suggest that sex differences may exist following sports-related concussion.
Sex differences in cognitive function following a concussion may be due to hormonal differences, neuroanatomical differences, or cerebrovascular organization. 42, [56] [57] [58] [59] Researchers have found that females have greater neurophil and decreased cortical neuronal densities compared to males, which may play a role in memory and information processing. 57 In addition, females also have a greater basal rate of glucose metabolism 60 and cerebral blood flow 58 compared to males, which may affect the changes in the neurometabolic cascade that follows concussive injury. 61 In addition to these potential explanatory factors, men and women are likely to have different cognitive strengths and weaknesses that should be accounted for when interpreting cognitive performance following concussion. For instance, women perform better on verbal memory, while men perform better on visual spatial skills.
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Summary
Sport-related concussion is a puzzling injury for both the athlete and the sports medicine professional. Future efforts should focus on educating athletes, coaches, and parents on the signs and symptoms of concussions and the dangers associated with withholding these symptoms from sports medicine professionals. In addition, sports medicine professionals should seek credible sources of information on concussion and develop a multi-faceted and multi-disciplinary approach to managing this injury. The aforementioned factors that influence the risk and recovery from sports-related concussion should also be considered when diagnosing and making return-to-play decisions. A multi-faceted approach to managing concussion and utilizing a multi-disciplinary team is the best practice to ensure that concussed athletes are managed appropriately and are safe to return to competition.
